Genetic profiling studies on muscle-invasive bladder cancers (MIBCs) have discovered molecular subtypes with different biological characteristics. Immunohistochemical (IHC) markers such as GATA3, cytokeratin (CK) 20, CK5/6, and p53 are associated with these subtypes. In this study, we investigated the biological and prognostic significance of these IHC markers in MIBCs from 91 patients who underwent radical cystectomy. High Ki-67 indices were associated with negative CK20 (p = 0.002) and diffuse CK5/6 (p = 0.001) staining. By contrast, tumors with diffuse GATA3 expression had low Ki-67 index (p = 0.006). Regarding p53, three staining patterns were associated with a high Ki-67 index: (1) complete absence, (2) diffusely strong nuclear reactivity, and (3) diffusely strong cytoplasmic staining (p < 0.001 compared with other patterns). CK5/6 and CK20 expression was typically present in a reciprocal fashion; however, diffuse GATA3 and CK5/6 coexpression was observed in 13 (14.29%) cases. Among 78 chemotherapy-naïve patients, low GATA3 staining was associated with worse recurrence-free survival in both univariate (p = 0.008) and multivariate analyses (p = 0.002). CK20, CK5/6, or p53 expression was not associated with clinical outcome. Based on our results, IHC staining for GATA3 may help risk stratification in patients with MIBC receiving radical cystectomy. In addition, the differences in Ki-67 indices suggested that aberrant p53 expression was better defined by the three aforementioned patterns, rather than percentage of nuclear staining alone.
Introduction
Invasive urothelial carcinoma (UC) of the urinary bladder is a major urological and oncological disease. In the current clinical practice, advanced muscle-invasive bladder cancer (MIBC) requires aggressive management, such as radical cystectomy [1] . Immunohistochemical (IHC) markers including p53, p16, E-cadherin, and HER2/neu have been proposed for further risk stratification for MIBC [2] , but none of these markers has been adapted in the current treatment guidelines [1] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
In the 2010s, several studies revealed distinct molecular subtypes by analyzing mRNA expression profiles in bladder UC specimens [3] [4] [5] [6] . For instance, Choi [3] and Damrauer [6] defined the basal and luminal subtypes of bladder UC, similar to the breast cancer molecular subtypes [7, 8] . Subsequent studies have further divided bladder UC into five [9] or six [10] subtypes and the characteristics of basal and luminal subtypes were still applied to most of the cases. In breast cancer, IHC staining for the subtype-associated markers has been incorporated in the treatment guidelines [11, 12] . Based on the achievements in breast cancer studies, surrogate IHC markers for molecular subtypes of MIBC may aid clinical management of the disease.
Choi et al [3] reported consistency between the results of IHC staining and mRNA expression profiles in basal (cytokeratin [CK] 5/6-positive) and luminal (CK20-positive) subtypes. A subsequent meta-analysis proposed that IHC study on GATA3 and CK5/6 may sufficiently identify these two subtypes with more than 90% accuracy [13] . Lerner et al [14] also defined a "basal/squamous-like" CK5/6 + CK14 + FOXA1 − GATA3 − phenotype associated with poor clinical outcome. Among these markers, negative GATA3 staining in upper-tract UC (UTUC) was associated with poor clinical outcome in one study [15] but not in another [16] . Miyamoto et al revealed poor clinical outcome in MIBC with negative or decreased GATA3 expression [17] , but three other studies demonstrated no prognostic significance of GATA3 staining in bladder UC [18] [19] [20] . The importance of these IHC markers warrants further investigation. In addition to subtype-specific genetic changes, TP53 mutation is common in bladder UC. In the practice of diagnostic pathology, IHC expression of p53 is commonly used as a surrogate marker for TP53 mutations. This is based on the finding that missense mutations in TP53 increase the half-life of p53, thereby increasing the percentage of positive IHC staining for p53 [21] [22] [23] . Traditionally, a positive p53 staining is defined as nuclear reactivity over a certain cut-off percentage, whereas the absence of p53 staining indicates a negative result [24, 25] . By using this criterion, the correlation of p53 IHC staining with clinical outcome may be controversial [24] . Studies on ovarian and endometrial carcinoma have reported two patterns related to TP53 mutation-associated aberrant p53 staining: diffusely strong nuclear reactivity and complete absence of staining [26, 27] . The cut-offs for diffuse nuclear staining were 60% and 75% for ovarian [26] and endometrial [27] carcinoma, respectively. A bladder cancer study also demonstrated that abnormal (negative or �50%) p53 staining was correlated with significantly worse recurrence-free survival (RFS) [25] . Therefore, the clinical significance of p53 IHC staining in bladder cancers requires further investigation.
Taken together, IHC staining for GATA3, CK20, CK5/6, and p53 may serve as surrogate tests for molecular classification and risk stratification in MIBCs; however, their association with clinical outcome warrants verification. In this study, we evaluated the IHC expression of GATA3, CK20, CK5/6 and p53 in a series of MIBC cases and correlated them with the associated clinical outcome, Ki-67 proliferative index, and other clinicopathological parameters to investigate their clinical significance. study. In this group, those who did not have a preoperative specimen available at NTUH were excluded from this study. In patients without neoadjuvant chemotherapy, the cystectomy specimens were selected. Alternatively, the latest resection specimen before cystectomy was selected if no adequate tumor cells were present in the cystectomy specimen.
Hematoxylin and eosin-stained sections of all cases were reviewed by an expert in genitourinary pathology (C.C.W.) and staged by the TNM classification system defined in the AJCC Cancer Staging Manual (8th edition). Cases without definite muscularis propria invasion were excluded at this point. One representative section with an adequate tumor part and the corresponding formalin-fixed paraffin-embedded (FFPE) tissue block were selected for each case. 
IHC staining
For each case, 5-μm sections were taken from the FFPE tissue block for IHC staining. The staining procedures were conducted with a Ventana Benchmark XT autostainer (Ventana Medical Systems, Tucson, AZ, USA) according to the manufacturer's instructions. Primary antibodies against p53 (clone DO-7, dilution 1:1000, Dako Denmark A/S, Glostrup, Denmark), GATA3 (clone L50-823), CK20 (clone SP33), CK5/6 (clone D5/16B4), and Ki-67 (clone 30-9) were included. All antibodies other than anti-p53 antibody were purchased from Ventana Medical Systems and were ready to use. The antibody reactivity was visualised with a Ventana OptiView DAB IHC Detection Kit. Finally, the slides were counterstained with haematoxylin.
All IHC results were examined under a light microscope and scored by the same pathologist (C.C.W.) to prevent interobserver variation. The percentage and intensity of tumor cells stained with GATA3 (nuclear staining), CK20, and CK5/6 (membranous-type or cytoplasmic staining) were recorded for each case and their immunoreactive scores (IRS) were calculated using Remmele and Stegner's criteria [28, 29] (S1 Table) . According to the cut-offs used in IRS, their staining percentage was also classified as negative (<10%), partial (10%-80%), and diffuse (>80%). The standards for p53 scores are described in Table 1 by combining the criteria used in prior studies of bladder [25] and ovarian [26, 30] cancers. Examples of IHC staining for these markers are displayed in Fig 1. The Ki-67 indices were evaluated by following the recommendations from the International Ki67 in Breast Cancer Working Group [31] . In brief, at least three 400× fields containing 500 or more invasive tumor cells were selected for each case. Tumour cells with nuclear staining were considered positive regardless of the staining intensity. The Ki-67 index was calculated as the percentage of the positive cells among the total number of tumor cells in the scored area.
Clinicopathological correlation and survival analysis
Student t test and one-way analysis of variance (ANOVA) were used to evaluate differences in the percentages of IHC markers between or among comparable groups. Chi-square test and Spearman rank correlation test were applied to analyze the association among categorical and continuous parameters, respectively. In patients not receiving neoadjuvant chemotherapy, we calculated the cumulative overall survival (OS), disease-specific survival (DSS), and RFS after radical cystectomy by using the Kaplan-Meier method. The differences in survival time were determined using log-rank tests. Cox regression was used to determine the association between continuous parameters and clinical outcomes. Multivaraite analyses were also performed using Cox regression. P < 0.05 was considered statistically significant. Cox regression was performed with SAS (version 9.4; SAS Institute Inc., Cary, NC, USA) with the assistance of the Department of Medical Research, NTUH, and the other statistical analyses were conducted using Microsoft Excel 2007 and Prism (version 7.03; GraphPad Software, Inc., La Jolla, CA, USA).
Results

Demographic and clinicopathological data
Of the 109 recruited cases, definite muscularis propria invasion (i.e. stage pT2 or higher) was not identified in 9, the microscopic slides were unavailable in 7, a history of UTUC was noted in 1, and loss to follow-up after radical cystectomy was noted in 1; these 18 cases were all excluded. Finally, we included 91 patients (median age: 67 years [range: 39-89 years]; male-tofemale ratio: 2.37:1). Of them, 13 (14.3%) received neoadjuvant chemotherapy. In patients not receiving neoadjuvant chemotherapy, the median follow-up time was 2.46 years. The demographic and clinicopathological data of these patients are summarized in Table 2 , and the detailed data are available in S1 Dataset.
Staining for CK20 and CK5/6 was present in a reciprocal fashion
After completion of IHC, we evaluated the correlation of the staining results among each marker. The results are summarized in Table 3 as percentages and S2 Table as IRS. First, CK20 and GATA3 demonstrated a positive correlation in terms of both percentage and IRS score. The percentage of GATA3 staining tended to be higher than that of CK20, and CK20 staining was stained on GATA3-positive tumor cells in most cases. By contrast, a negative correlation was observed between CK20 and CK5/6. In cases with both CK20 and CK5/6 reactivity, the staining patterns of these two markers were generally reciprocal. Although they were not completely mutually-exclusive, CK20 tended to be stained on CK5/6-negative tumor cells and vice versa. Coexpression of GATA3 and CK5/6 was observed in a subset of MIBC Similar to CK20, GATA3 showed negative correlation with CK5/6 expression. However, coexpression of GATA3 and CK5/6 was observed in 44 (48.35%) cases; of them 13 (14.29%) had diffuse coexpression (staining in >80% of tumor cells for both markers). Two examples of GATA3/CK5/6 coexpression are illustrated in Fig 2B. In the 13 double-positive cases, 11 (84.62%) showed completely absent or minimal staining for CK20. Meanwhile, double-negative tumors for GATA3 and CK5/6 accounted for 3 (3.30%) of the 91 cases, and only one of them showed complete absence for each marker.
Aberrant p53 staining was associated with high Ki-67 indices
As presented in Table 3 , Ki-67 indices were significantly correlated with staining percentages of GATA3, CK20, and CK5/6. We further categorized each of the latter three markers into three groups (negative, partial, and diffuse) and compared their difference through Ki-67 indices. Differences in Ki-67 indices was also compared among each group of the p53 score. The results are summarized in Table 4 . In brief, tumors with diffuse GATA3 staining had significantly lower Ki-67 indices. By contrast, high Ki-67 indices were observed in negative CK20 and diffuse CK5/6 cases. The difference between negative and partial staining groups of GATA3 (p = 0.616) or CK5/6 (p = 0.565) was nonsignificant. Similarly, no difference was observed between cases with partial and diffuse CK20 reactivity (p = 0.986). The association between p53 score and the Ki-67 index was more complex. Absence of p53 staining (score 0) was associated with a significantly higher Ki-67 index compared with the partial staining group (score 1, p = 0.004). In addition, the score 2 group had a significantly lower Ki-67 index than the score 3 group (p < 0.001), but no difference was found between the score 1 and 2 groups (p = 0.079). In addition, no difference was shown between the p53-absent (score 0) and score 3 groups (p = 0.164). These findings were consistent with the definition of aberrant p53 expression in ovarian carcinoma [20] . Notably, 1 (1.1%) case in our cohort showed diffuse cytoplasmic staining with variable nuclear intensity (score 4). This pattern was found to be associated with TP53 mutation in a previous study on ovarian carcinoma [28] and considered p53-aberrant. Based on this definition, tumors with aberrant p53 staining had significantly higher Ki-67 indices (p < 0.001). No difference in GATA3, CK20, or CK5/6 expression was noted between p53-aberrant and non-p53-aberrant tumors. Additional detailed analytical data among the IHC markers are available in S1 Supplementary Data.
Intratumoral heterogeneity
In case RC01-22, a minor component (2% of total tumor area) with significantly different morphology was observed in the tumor. Although the major part showed considerable squamous differentiation, this minor component had usual histology of UC with heavy lymphocytic infiltration. As for the IHC markers, the major part expressed a typical basal/squamous profile of diffuse CK5/6 staining, minimal GATA3 reactivity, and a non-aberrant pattern of p53. By contrast, the minor component was partially positive for both GATA3 and CK5/6 with diffusely strong reactivity to p53 (S1 Fig). This patient demonstrated tumor recurrence after radical cystectomy, but the diagnosis of recurrence was based on radiologic images without acquisition of tissue specimens. For analytical purposes, the IHC profile of the major part was used for this case. No other tumor with apparent intratumoral heterogeneity was noted in our study cohort.
GATA3 reactivity was significantly associated with clinical outcomes
Among the IHC markers (GATA3, CK20, CK5/6, p53 and Ki-67), only GATA3 demonstrated significant correlation with clinical outcomes. In the 78 patients without neoadjuvant chemotherapy, higher percentage of GATA3 staining was associated with a significantly better RFS in both univariate (p = 0.008) and multivariate (p = 0.002) analysis by using Cox regression ( Table 5 ). Analysis by IRS revealed similar results (S3 Table) . In the Kaplan-Meier plot, gradual difference in RFS was present among cases with diffuse, partial, and negative GATA3 staining (p = 0.002). The other significant prognostic parameters included the T stage (for RFS) and the presence of nodal metastasis (for DSS and RFS). The Kaplan-Meier plots for GATA3, T stage, and nodal metastasis are depicted in Fig 3. 
Discussion
GATA3 is a transcription factor useful in histological diagnosis for UC [18, 32, 33] . It is also recognized as a marker of luminal subtype in bladder cancer according to recent research [3, 9, 13] . In this study, we noted that tumors with decreased GATA3 staining had significantly higher Ki-67 proliferative indices. In addition, IHC staining for GATA3 was correlated with a clinical outcome in chemotherapy-naïve patients with MIBC. Cases with diffuse GATA3 staining had the best outcome, and a minor proportion (12.1%) of GATA3-negative tumors were prone to early recurrence with a borderline trend of worse DSS. The prognostic significance of GATA3 was independent to stage and nodal metastasis in RFS. These findings are compatible with the relatively aggressive behavior observed in the basal/squamous-like tumors [3, 6, 10, 13] .
The basal/squamous-like phenotype described by Lerner et al included positive CK5/6 and negative GATA3 in IHC staining [14] . However, we found it difficult to define the actual "basal/squamous-like" subgroup in our study cohort. In this study, diffusely strong CK5/6 staining was not necessarily associated with negative GATA3. The association of these two markers with the Ki-67 index might aid in understinaing this problem. Difference in the Ki-67 index was significant at a 80% cut-off for GATA3, but the tumors with negative and partial GATA3 staining had similar Ki-67 indices. Similar relationship was observed between CK5/6 and Ki-67 index. If we use the 80% cut-off to define the basal/squamous-like phenotype (CK5/ 6 and GATA3 staining in >80% and �80% of tumor cells, respectively), this subgroup would account for 20 (22.0%) cases in our MIBC cohort. Similar to GATA3 alone, the basal/squamous-like cases had a worse RFS (p = 0.027) compared with others in the chemotherapy-naïve group. Moreover, CK5/6 alone was not prognostically significant regarding RFS. From the view of prognostication, decrease in GATA3 expression may be a more important component than diffuse CK5/6 staining in the basal/squamous-like phenotype.
Although GATA3 and CK5/6 demosntrated significantly negative correlation in our study, staining for these two markers showed certain overlap in 44 (48.4%) MIBC cases. Furthermore, diffuse coexpression was not rarely encountered (14.29%) in our study. Such a diffuse coexpression phenomenon has not been well-described in previous studies, and simultaneously high GATA3 and CK5/6 expression on protein level were uncommon or even absent in the studies by Sjödahl [34] and Hodgson [19] . Dadhania et al showed some cases with overlap in GATA3 and CK5/6 staining; however, tumors with >80% positivity for both markers were absent in their data [13] . A possible explanation to this phenomenon is the ethnic difference.
Further research based on Asian population is warranted to confirm these findings. The prognostic significance of GATA3 in bladder UC was controversial in previous studies [17] [18] [19] [20] . Miyamoto et al reported that loss of GATA3 expression predicted poor prognosis for patients with MIBC [17] , but three other studies showed that GATA3 expression had no significant influence on either DSS or RFS [18] [19] [20] . In addition to ethnicity, three possible reasons can explain this discrepancy. First, we used whole slides of the tumor specimens for IHC GATA3, CK20, CK5/6 and p53 in MIBC staining instead of tissue microarrays (TMAs), which was the case in previous studies [18] [19] [20] . Partial staining might lead to false-negative results in TMA, and this could potentially affect the significance in survival analyses. Second, Kollberg et al included 66 (17%) stage T1 tumors along with MIBC [20] , which may influence the results. Finally, in contrast to previous studies [9, 10] , the molecular subtypes in their cohort was not associated with clinical outcomes [20] . The potential difference in the underlying population might result in such discrepancy.
As CK20 and CK5/6 are well-established markers related to molecular subtypes [3, 13, 14, 34] , it may appear unreasonable that these markers did not have prognostic significance. However, the molecular subtypes were defined through hierarchical analysis with a large panel of markers. Previous studies revealed that the molecular subtypes were associated with clinical outcomes [3, 13, 14, 34] , but each marker related to the subtypes was not necessarily significant in clinical outcomes. Kollberg et al also showed no prognostic significance in any single subtype-associated marker [20] . Therefore, the association of GATA3 expression and clinical outcome merits further investigation to prove its value in clinical management.
The interpretation of p53 IHC staining is also noteworthy. Although we could not find the prognostic significance of p53 staining, the differences in the Ki-67 index suggested that using the same criteria as those used for ovarian carcinoma would be more suitable when interpreting p53 staining in bladder cancer. Hodgson et al discovered that null staining of p53 should be considered an aberrant staining pattern [25] . Our study further revealed the potential importance of intensity in the diffuse nuclear staining group. Tumors with diffuse nulcear staining but variable intensity for p53 (score 2) did not have higher Ki-67 indices than did the partial staining (score 1) group. However, the differences in the variable-intensity (score 2) and strong-intensity (score 3) groups were significant. Based on our findings, in a future study, we plan to correlate these criteria with the TP53 gene status and verify their superiority over the traditional overexpression criteria for bladder cancer.
In conclusion, decrease in GATA3 staining was significantly associated with high proliferative activity and poor clinical outcome in MIBC. IHC staining for GATA3 might facilitate in risk stratification in patients with MIBC receiving radical cystectomy. Combining CK5/6 and GATA3 for prognostic stratification has potential problems because coexpression is common. Defining the "aberrant" p53 staining by using the criteria for ovarian carcinoma (complete absence, strong nuclear reactivity in �60% of tumor cells, or diffuse cytoplasmic staining) may be more suitable than the traditional overexpression concept; however, our results did not demonstrate the direct association of p53 expression with clinical outcome. 
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